Objective: Reducing levels of the microtubule-associated protein tau has shown promise as a potential treatment strategy for diseases with secondary epileptic features such as Alzheimer disease. We wanted to determine whether tau reduction may also be of benefit in intractable genetic epilepsies. Methods: We studied a mouse model of Dravet syndrome, a severe childhood epilepsy caused by mutations in the human SCN1A gene encoding the voltage-gated sodium channel subunit Na v 1.1. We genetically deleted 1 or 2 Tau alleles in mice carrying an Na v 1.1 truncation mutation (R1407X) that causes Dravet syndrome in humans, and examined their survival, epileptic activity, related hippocampal alterations, and behavioral abnormalities using observation, electroencephalographic recordings, acute slice electrophysiology, immunohistochemistry, and behavioral assays. Results: Tau ablation prevented the high mortality of Dravet mice and reduced the frequency of spontaneous and febrile seizures. It reduced interictal epileptic spikes in vivo and drug-induced epileptic activity in brain slices ex vivo. Tau ablation also prevented biochemical changes in the hippocampus indicative of epileptic activity and ameliorated abnormalities in learning and memory, nest building, and open field behaviors in Dravet mice. Deletion of only 1 Tau allele was sufficient to suppress epileptic activity and improve survival and nesting performance. Interpretation: Tau reduction may be of therapeutic benefit in Dravet syndrome and other intractable genetic epilepsies.
D
espite the development of various antiepileptic drugs over the past 20 years, the efficacy of drug treatments for epilepsy has not substantially improved, and 25 to 40% of patients suffer from drug-resistant seizures. 1 New antiepileptic strategies are urgently needed to improve the quality of lives and prevent premature deaths of patients with epilepsy. Several lines of evidence led us to hypothesize that reduction of the microtubule-associated protein tau 2 might be of therapeutic benefit for intractable epilepsy. We previously showed that genetic ablation of tau reduces epileptic activity in human amyloid precursor protein (hAPP) transgenic mice, 3, 4 which simulate key aspects of Alzheimer disease. [5] [6] [7] [8] We further found that genetic reduction of tau makes mice with or without hAPP expression more resistant to chemically induced seizures. 3 Others have confirmed the antiepileptic effects of tau reduction in other animal models of hyperexcitability. [9] [10] [11] However, the effectiveness of tau reduction
has not yet been investigated in a model of severe human epilepsy. In addition, it is unknown whether various comorbidities of epilepsy such as cognitive and behavioral impairments and sudden death [12] [13] [14] could also be ameliorated by tau reduction. We decided to investigate Dravet syndrome, one of the most intractable and severe childhood epilepsies; it is associated with multiple comorbidities and sudden death. 15 Dravet syndrome is caused by mutations in the SCN1A gene, which encodes the voltage-gated sodium channel subunit Na v 1.1. 16 SCN1A mutations are the most common genetic cause of epilepsy, and Dravet syndrome is the most severe form among this spectrum of syndromes. 17, 18 It typically manifests in the first year of life with febrile seizures that progress to severe partial or generalized tonic-clonic seizures, myoclonic seizures, and episodes of status epilepticus. 19 Dravet patients also have poor development of language and motor skills, cognitive stagnation, hyperactivity, and autistic traits. In addition, 14 to 20% of Dravet patients succumb to "sudden unexpected death in epilepsy (SUDEP)." 13 The cause of SUDEP is unknown; it may be related to cardiac or respiratory abnormalities. 20 , 21 Dravet syndrome is among the most drug-resistant forms of epilepsy. 22, 23 Drugs currently used as first-line therapy for Dravet syndrome, valproate and benzodiazepines, have limited efficacy, and other antiepileptic drugs, including lamotrigine, vigabatrin, and carbamazepine, even exacerbate symptoms in Dravet patients. 23, 24 Alternative new therapies are urgently needed for this highly refractory epilepsy syndrome.
To determine the potential therapeutic benefit of tau reduction in Dravet syndrome, we genetically deleted tau in a mouse model of Dravet syndrome ("Dravet mice"). Dravet mice have a knockin truncation mutation in the Scn1a gene (R1407X) that is identical to a mutation in human Dravet patients, resulting in a null allele. 25 Homozygous Scn1a RX/RX mice die shortly after birth; heterozygous Scn1a RX/1 mice develop seizures in the early postnatal period and many of them die by 3 months of age. 25 Scn1a RX/1 mice also have behavioral abnormalities reminiscent of the human condition, including impaired learning and memory, hyperactivity, and social dysfunction. 26 , 27 Here we show that complete or partial tau reduction prevents or significantly ameliorates most disease-related phenotypes in this model.
Materials and Methods

Animals
Scn1a RX/1 mice 25 on a mixed C3HeB/FeJ 3 C57BL/6J background (N2 onto C3HeB/FeJ) originally generated by Dr K. Yamakawa (Laboratory for Neurogenetics, RIKEN Brain Science Institute) were obtained from Dr M. H. Meisler (Department of Human Genetics, University of Michigan). This line was crossed onto a Tau 2/2 C57BL/6J background. 28 Mice used in this study were approximately 88 to 98% C57BL/6J (N3-N6 onto C57BL/6J). Mice had free access to food (Picolab Rodent Diet 20; LabDiet, St Louis, MO) and water and were maintained on a regular light/dark (12 hours on/12 hours off ) cycle. All experiments were performed on sex-balanced groups. Most cohorts of mice underwent multiple tests, and within each cohort the sequence of tests was the same for all genotypes, as specified in Supplementary Table S1 . The Institutional Animal Care and Use Committee of the University of California, San Francisco approved all mouse experiments.
Electroencephalographic Recordings
Freely behaving mice were examined by electroencephalography (EEG) using continuous 24-hour recordings as previously reported 29 with minor modifications. For quantification of epileptic spikes, one hour of daytime recording (between noon and 2 PM) during rest or sleep was selected to avoid movement artifacts. Gotman spike detectors from Harmonie were used to automatically identify any epileptic discharges that were 5-fold greater than the average baseline amplitude measured during the 5 seconds preceding the deflection. EEG traces were then inspected manually (with the low and high frequency filters set at 5Hz and 70Hz, respectively) to identify single epileptic spikes, defined as brief (<80 milliseconds), high-voltage deflections on the EEG. To determine the proportion of mice with spontaneous epileptic seizures, the entire 24-hour recording was inspected visually for each mouse. 
Heat-Induced Seizures
Seizures were induced in P30-45 mice using a heat lamp as described, 31 except that a 2-minute acclimation period was used.
Hippocampal Slice Preparation and Electrophysiology
Coronal brain slices were prepared from P45-60 mice as described. 4 For recording, slices were transferred to a submerged chamber and continuously perfused with warmed (32 C) oxygenated artificial cerebrospinal fluid (ACSF; 126mM NaCl, 3mM KCl, 1.25mM NaH 2 PO 4 , 26mM NaHCO 3 , 2mM CaCl 2 , 2mM MgCl 2 , 20mM glucose). Field potential recordings were obtained from the CA1 pyramidal layer using glass electrodes filled with ACSF. To induce seizure activity, slices were perfused with ACSF containing 200lM 4-aminopyridine and 50lM picrotoxin. Burst and spike frequencies were quantified during a 200-second period after 30 minutes of drug perfusion. Data were acquired with WinLTP software (University of Bristol) and analyzed offline with pClamp software (Molecular Devices, Sunnyvale, CA).
Immunohistochemistry
Brain tissues were processed and immunostained as described. 32, 33 Neuropeptide Y (NPY) and calbindin immunoreactivities were quantitated as described 33 except that layer VI of the cortex was used as an internal control because there was significant calbindin depletion in the CA1 region of the hippocampus in Scn1a RX/1 mice.
Protein Extraction
Mice were anesthetized with Avertin (tribromoethanol, 250mg/ kg, intraperitoneally) and perfused transcardially with 0.9% saline. Brains were removed, microdissected in ice-cold phosphate-buffered saline (PBS), and homogenized in ice-cold buffer containing 13 PBS (pH 7.4), 1mM dithiothreitol, 0.5mM ethylenediaminetetraacetic acid, 0.5% Triton X-100, 0.1M phenylmethyl sulfonyl fluoride (PMSF), a protease inhibitor cocktail (Roche, Basel, Switzerland), and phosphatase inhibitor cocktails 2 and 3 (Sigma, St Louis, MO). Homogenates were sonicated twice for 5 minutes at an amplitude of 40 using an EpiSonic sonicator (Epigentek, Farmingdale, NY) and centrifuged at 10,000rpm for 10 minutes at 4 C. The supernatants were collected for measurement of protein concentrations by Bradford assay (Bio-Rad, Hercules, CA) and Western blotting.
Western Blotting
Proteins (15mg/well) were separated electrophoretically on a 4 to 12% NuPAGE Bis-Tris gel (Life Technologies, Grand Island, NY) and transferred onto nitrocellulose membranes using a Criterion Blotter (Bio-Rad) at 0.4A for 2.5 hours at 4 C. After blocking for 1 hour in 5% bovine serum albumin diluted in Tris-buffered saline (BSA-TBS), membranes were incubated overnight at 4 C in anti-Na v 1.1 (1:1,000; Alomone Labs, Jerusalem, Israel), anti-pan-sodium channel (Pan Nav, 1:1,000; Sigma), anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH; 1:10,000; Millipore, Billerica, MA), anti-tau clone Tau-5 (1:3,000; Life Technologies), anti-tau clone EP2456Y (1:1,000; Millipore), anti-phospho-tau Ser 396/404 clone PHF-1 (1:3,000, a gift from Dr P. Davies), anti-phospho-tau Thr231 clone CP9 (1:25, a gift from Dr P. Davies), or antiphospho-PHF-tau pSer2021Thr205 clone AT8 (1:80; Thermo Scientific, Waltham, MA). Antibodies were diluted in BSA-TBS containing 0.1% Tween 20. Except for CP9 and AT8, membranes were then incubated for 1 hour at room temperature in secondary infrared dye (IRD)-tagged antibodies (IRDye 800CW or 680LT donkey antirabbit or antimouse immunoglobulin [Ig] G, 1:10,000; LI-COR, Lincoln, NE) diluted in Odyssey Blocking Buffer (LI-COR) containing 0.2% Tween 20. Signals were detected by Odyssey CLx (LI-COR) and quantified using Image Studio v2.1.10 (LI-COR). AT8 and CP9 were detected with donkey antimouse IgG horseradish peroxidase (HRP; 1:10,000; Calbiochem, San Diego, CA) and goat antimouse IgM HRP (1:1,000; Santa Cruz Biotechnology, Santa Cruz, CA), respectively. Chemiluminescent bands were visualized with an enhanced chemiluminescence system (Pierce, Rockford, IL) and quantified densitometrically using ImageJ.
Behavioral Experiments
GENERAL. Seven cohorts of mice were tested behaviorally (see Supplementary Tables S1 and S2 for details on mice used and experiments performed in each cohort). Before all behavioral tests, except fear conditioning, mice were transferred to the testing room and acclimated for 1 hour. All the behavioral equipment was cleaned with 70% ethanol (by volume) before and after testing of each mouse.
NEST BUILDING BEHAVIOR. Mice were tested once for nest building ability between 1 and 7 months of age. Group-housed mice were transferred individually into new cages with nestbuilding material consisting of a 5 3 5cm square of white compressed cotton pads (Nestlets; Ancare, Bellmore, NY) placed in the center of the cage. Nest quality was scored on a scale of 0 to 5, modified from Deacon 34 by adding a score of zero if the cotton pad remained intact. Scores were assigned at 2, 6, and 24 hours, and then daily for up to 8 days.
OPEN FIELD. Mice were tested for total movements and rearing as described. 29 To measure circling, mice were placed into plastic chambers (40 3 40 3 24cm) with 1 clear and 3 white sides, and allowed to explore freely for 30 minutes. Mouse movements were video recorded and analyzed offline using the Topscan tracking system (Clever Sys, Reston, VA).
BARNES MAZE. A brightly lit circular platform (91.4cm diameter) with 20 holes around the periphery (5.1cm diameter) was used as described 26, 27, 35 to assess the ability of mice to use extramaze cues to locate an escape tunnel. An escape box was attached to the bottom of 1 of the holes and shallow boxes were attached to the bottom of the other holes. The lights were kept bright (650 lux) to motivate mice to find and enter the dark tunnel. Visual extramaze cues were present on 3 walls adjacent to the maze at a distance of 1.5 to 1.8m from the maze. For all trials, mice were placed individually in a cylindrical black start chamber in the center of the maze for 10 seconds, which was then lifted to start the test. During an adaptation period, mice were guided to the escape tunnel and allowed to stay there for 2 minutes. During a spatial acquisition period, a total of 10 spatial acquisition trials (2 trials per day with an intertrial interval of 15 minutes) were performed; mice were allowed to explore the maze freely for 3 minutes. Each trial ended when the mouse entered the escape tunnel or after 3 minutes had elapsed. Mice that did not find the tunnel were guided to it. All mice were allowed to remain in the tunnel for 1 minute. During a probe trial, conducted 5 days after the last training trial, the escape tunnel was replaced by a shallow box and mice were allowed to explore the maze for 90 seconds. Mice were video recorded and the time ("latency"), path length ("distance"), and path traces to the target location during the 5-day probe trial were analyzed offline using the Topscan tracking system. For mice that did not reach the target location, total testing time (90 seconds) and total distance moved were used for analysis in lieu of latency and distance to target.
CONTEXT FEAR CONDITIONING. Associative learning and contextual fear memory were assessed as described. 36, 37 Training and testing were performed in a set of 4 identical fear conditioning chambers (30 3 25 3 25cm; Med Associates, St Albans, VT) equipped with a Med Associates VideoFreeze system. The floor of each chamber was made up of 16 stainless steel rods that were wired to a shock generator and scrambler (Med-Associates) to deliver foot shocks. Each chamber was placed in a sound-attenuating cubicle. A metal pan containing a thin film of 1% acetic acid was placed underneath the grid floors to provide an olfactory component to the context. On 4 consecutive days, mice were placed individually into the same context chamber for 3 minutes. In the chamber, they received a single 2-second foot shock (0.45mA) on days 1, 2 and 3, but not on day 4, and remained in the chamber for an additional 1 minute following each shock. Their freezing behavior in the chamber was monitored before and after the shock on all days. Freezing behavior, which was defined as the absence of any visible movement (including of the vibrissae, but excluding respiration), was monitored with automated near-infrared video tracking software (VideoFreeze). Video was recorded at 30 frames per second; the software calculated the noise (standard deviation) for each pixel in a frame by comparing its gray scale value to previous and subsequent frames. This produced an "activity unit" score for each frame. Based on previous validation by an experimenter, freezing was defined as subthreshold activity (set at 19 activity units) for >1 second. Percentage freezing was then calculated from the number of seconds the animal was scored as freezing divided by the total time it was monitored. The percentage time mice spent freezing immediately following each shock was taken as a measure of associative learning, and the percentage time mice spent freezing upon reexposure to the context 24 hours later (before they received another shock) was used as the primary measure of contextual fear memory.
38,39
Study Design and Statistical Analyses
Experimenters who obtained the primary data were blinded to the genotype of mice, except for the electrophysiological analysis of acute hippocampal slices and febrile seizure inductions. Sample sizes were determined based on previous studies. 4, [25] [26] [27] 29, 30, 32 For the Barnes maze analysis and fear conditioning, data collection was stopped when learning curves leveled off. Some mice were excluded from the Barnes maze analysis because of an eye injury (1 mouse of cohort 7) or poor exploration (3 mice of cohort 3 and 1 mouse of cohort 7 contacted only 1 of 20 holes). Behavioral findings were replicated in 1 or more independent cohorts using similar conditions (see Supplementary Tables S1 and S2 ). Statistical analyses were performed using R. 40 Differences among multiple means were assessed by 2-way analysis of variance with post hoc testing of all pairwise comparisons and corrected with the Tukey-Kramer method. Multiple comparisons were corrected using the method of Holm 41 Survival and febrile seizure data were analyzed by Cox proportional hazards regression using the R survival package 42 and corrected for multiple comparisons with the method of Holm.
41
For analysis of drug-induced epileptic activity in brain slices, a linear mixed effects model 43 was fitted using the R package lme4. 44 Random intercepts were included for each mouse and each genotype such that multiple comparison corrections were not needed due to "partial pooling." 45 Five thousand draws were obtained of parameter estimates, and 95% confidence intervals (CIs) were estimated as the 2.5th and 97.5th quantiles of these draws. Probability values were calculated by inverting the simulated CIs around the differences. 46 Analyses of log(spike frequency 1 0.1) and log(burst frequency 1 0.1) were conducted separately. For learning curves in the Barnes maze, a linear mixed effects model for censored responses 47 was fitted using the R package lmec. 48 The model included the following fixed effects: Trial, Scn1a, Tau, Scn1a*Tau, Trial*Scn1a, Trial*Tau, and Trial*Scn1a*Tau. Because 2 trials were conducted per day, a fixed effect for observations from trials 2, 4, 6, 8, and 10 was also included to allow for improvements from the first to the second trial per day. Random mouse-level intercepts and slopes accounted for the correlation among repeated observations. For nest building analysis, a linear mixed effects model was fitted using the R package lme4. 44 Nest building scores were adjusted to increase monotonically over time. To ensure that predictions would fall between 0 and 5, a logit transformation of the score variable was used (logit[(score
. To allow for a flexible, nonlinear time trend, a 3df natural cubic spline was used. Random intercepts and time splines were included for each mouse to account for the correlation among repeated observations. To insure that trend estimates would pass through the origin (ie, produce an estimated score of 0 at time 0), both fixed and random intercept terms were omitted. Estimates of the area under the curve and probability values were obtained using the fitted model (as described above for druginduced epileptic activity in brain slices), and corrected for multiple comparisons using the method of Holm.
Results
Tau Reduction Improves Survival of Scn1a
Mice As a first step toward assessing the potential therapeutic benefit of tau reduction in Dravet syndrome, we compared the survival of Scn1a 1/1 and Scn1a RX/1 mice with 2, 1, or no functional Tau alleles (Fig 1) . In the interictal period, Scn1a RX/1 mice had more epileptic spikes on EEG recordings than wild-type controls, with an average frequency of 17 spikes/h (see Fig  2B, C) . Tau ablation reduced spiking activity in Scn1a
RX/ 1 mice in a gene dose-dependent manner; deletion of 1
Tau allele reduced spiking by 60%, and ablation of both Tau alleles reduced spiking by nearly 80%.
To further explore the effects of tau ablation on excitability, we examined the response of acute hippocampal slices from the 4 genotypes of mice to superfusion with picrotoxin and 4-aminopyridine ex vivo. These drugs can be used to elicit epileptic activity in brain slices. [51] [52] [53] Compared with slices of all other genotypes, Scn1a RX/1 /Tau
slices showed a greater frequency of spikes (see Fig 2D, E) . Tau ablation reduced both spike and burst frequencies in Scn1a RX/1 slices to control levels (see Fig 2D-F) .
Tau Ablation Ameliorates Abnormalities in Seizure-Modulated Proteins in the Hippocampus of Scn1a RX/1 Mice Seizure activity can lead to prominent remodeling of neuronal circuits and to changes in the expression of diverse proteins. 30, 32, 54 Many of these changes are compensatory and may prevent spreading of epileptic activity. The hippocampus appears to be particularly important for seizure generation in Scn1a knockout mice. 55 To look for molecular signatures of seizure activity in Scn1a RX/1 mice and assess the effect of tau ablation on these measures, we examined the hippocampal expression of NPY and calbindin. Scn1a RX/1 mice showed a marked increase of NPY in mossy fibers and in the molecular layer of the dentate gyrus (see Fig 3A-C) . They also showed depletion of calbindin in the CA1 region of the hippocampus (stratum radiatum) and the molecular layer of the dentate gyrus (see Fig 3D-F) . To our knowledge, these changes have not been previously reported for either Scn1a RX/1 mice or Scn1a knockout mice, although they are characteristic of animal models and patients with epilepsy. 56 Tau ablation markedly reduced or fully reversed abnormalities in NPY and calbindin expression in all hippocampal subfields examined. We did not find any changes in the levels or phosphorylation of tau in Scn1a RX/1 mice compared to wildtype controls (Fig 4) . Na v 1.1 levels were reduced by approximately half in Scn1a RX/1 mice and were not improved by tau ablation (Fig 5) .
Tau Reduction Improves Nest Building and Open Field Behaviors in Scn1a
RX/1 Mice To determine whether tau ablation also modulates behavioral abnormalities in Scn1a RX/1 mice, we evaluated their nest building performance and open field activity. Nest building is a natural behavior of mice that may relate to activities of daily living in human patients, 57 and deficits in this behavior are found in several mouse models of autism. 58, 59 Scn1a RX/1 mice had a profound deficit in nest building (see Fig 6A) . Wild-type mice were able to form full nests within 24 hours (and some within 2 hours), whereas Scn1a RX/1 mice showed major delays in accomplishing this task. Most Scn1a RX/1 mice failed to form a complete nest, and several did not attempt nest building at all. Tau reduction effectively reduced these deficits in a gene dose-dependent manner, improving nest building performance in Scn1a RX/1 mice lacking 1 Fig 6D) . Tau ablation tended to ameliorate the hyperactivity of Scn1a RX/1 mice, but this trend did not reach statistical significance.
Tau Ablation Improves Learning and Memory
Deficits in Scn1a RX/1 Mice To determine whether tau ablation also improves cognitive deficits in Scn1a RX/1 mice, we assessed mice in 2 paradigms: the Barnes maze, which tests spatial learning and memory, and context-dependent fear conditioning, which tests associative learning and memory. Both Scn1a mutant and Scn1a knockout mice have deficits in the Barnes maze, 26, 27 whereas deficits in fear conditioning appear to have been reported only for Scn1a knockout mice. 26 In the Barnes maze, mice are placed on a flat platform with 20 holes near the perimeter and are motivated by the presence of bright lights to learn the location of a single target hole with a dark escape tunnel. Mice of all 4 genotypes tested were able to learn this task (Fig 7A) . However, in a probe trial carried out 5 days after training, Scn1a RX/1 mice required increased time and path lengths to find the target location (see Fig 7B, C) , suggesting a long-term memory deficit. During this probe trial, the majority of Scn1a RX/1 mice showed longer and less directed paths than the other groups, indicating random rather than serial or target-oriented search strategies (see Fig 7D, E) . Tau ablation prevented these deficits, bringing latency, distance, and strategy measures in Scn1a RX/1 mice Tables S1 and S2 , and data not shown).
In the contextual fear conditioning test, mice learn to associate a specific, initially neutral and nonaversive context with receiving a foot shock. We used a gradual learning paradigm by administering 1 relatively mild foot shock on each of 3 consecutive days in the same context chamber (see Fig 7) . Learning and memory were assessed by measuring freezing behavior after reintroducing mice into the same context 24 hours after each shock. Mice of all genotypes showed a similar immediate reaction (jumping and running) to the first shock, demonstrating that all groups were able to perceive the shock. However,
Scn1a
RX/1 mice showed a significant impairment when their associative memory was tested on day 2, 24 hours after receiving the first foot shock. This impairment was ameliorated by tau ablation. Compared to the other groups, Scn1a RX/1 mice also had an impaired conditioned fear response, showing less freezing immediately after they received the first foot shock on day 1. This deficit, which may represent a deficit in associative learning, was not seen in Scn1a RX/1 mice lacking tau. We confirmed the beneficial effects of tau ablation on fear conditioning performance of Scn1a RX/1 mice in an independent cohort (cohort 4; n 5 6-7 mice per genotype; 5 months of age; see Supplementary Table S1 and S2, and data not shown). Thus, tau ablation prevents or ameliorates deficits in spatial memory and associative learning and memory in Scn1a RX/1 mice. 
Discussion
In this study, we demonstrated several beneficial effects of tau reduction in a mouse model of Dravet syndrome, including markedly reduced occurrence of sudden death and epileptic manifestations and significant improvements in cognitive and behavioral performance. To our knowledge, this is the first demonstration that endogenous wild-type tau may fulfill an enabling role in the pathogenesis of a severe human epilepsy. One of the most robust findings was that reducing tau conferred a dose-dependent survival advantage to Scn1a RX/1 mice. This result most likely reflects the antiepileptogenic effect of tau reduction. Sudden death in Dravet patients and related mouse models is thought to be caused directly or indirectly by seizure activity. 20, 21, 60 In an elegant study of SUDEP by Kalume et al, sudden death in Scn1a knockout mice was shown to occur immediately following generalized tonic-clonic seizures in all monitored mice that died. 21 In the same study, death could be predicted by a high frequency of seizures 24 hours before death, but not by seizure duration or severity. Extrapolating from these findings, our Scn1a
RX/1 mice most likely also died primarily of seizures, and tau ablation prevented sudden death by decreasing their seizure frequency. Similarly to Kalume et al, 21 we found no differences in seizure duration or severity in mice that died (most Scn1a RX/1 mice) or lived (Scn1a RX/1 mice with tau ablation), suggesting that tau participates in an sodium channel subunit Na v 1.1 (this study). The precise mechanisms by which endogenous wild-type tau enables or promotes epileptogenesis triggered by such diverse factors is under intense investigation. Published evidence suggests that these mechanisms could involve alterations in GABAergic neurotransmission and the excitation/inhibition balance, 4 in synaptic activity-related signaling pathways, 2, 11 and in the axonal transport of proteins that affect neuronal excitability. 61 Regardless, the mechanisms underlying the antiepileptic effects of tau ablation may well be distinct from those of currently available therapies, 2, 62, 63 and thus might offer new avenues for treating drug-resistant epilepsy. Interestingly, tau ablation prevented or ameliorated not only epileptic activity and premature mortality in Scn1a RX/1 mice, but also their deficits in learning/memory, nest building, and other behaviors. The most parsimonious explanation of these findings is that the behavioral alterations are directly or indirectly caused by tau-dependent epileptic activity. Dravet syndrome is classified as an epileptic encephalopathy, based on the hypothesis that epileptic activity is the main cause of cognitive and behavioral alterations in Dravet patients. [64] [65] [66] Both subclinical and clinical epileptic activity can cause cognitive and behavioral impairments in a variety of settings. [67] [68] [69] [70] [71] Conversely, interventions that reduce epileptic activity can have beneficial effects on cognition and behavior in both humans and animal models. 29, 72, 73 However, cognitive and behavioral abnormalities in patients with Dravet syndrome often do not improve upon treatment with antiepileptic medications, [12] [13] [14] 64 which could simply be due to currently available antiepileptic drugs not being very effective at suppressing epileptic activity in this syndrome. 23, 24 In addition, the frequency of convulsive seizures does not appear to correlate with cognitive outcomes in patients with Dravet syndrome, [74] [75] [76] increase the chance for multiple comorbidities, including cognitive impairment, injury, and death. 81 In regard to tau-lowering approaches, it is encouraging that even partial reduction of tau made mice more resistant to epileptic activity when the reduction was either constitutive 3, 4 or initiated during adulthood. 10 Similarly, in the current study, Scn1a RX/1 mice with deletion of only 1 Tau allele showed a substantial improvement in survival, epileptic activity, and nesting performance compared to Scn1a RX/1 mice on the Tau wild-type background. It is also important to note in this context that genetic ablation of tau is well tolerated, 3, 4, 11, [82] [83] [84] as is antisense oligonucleotide-mediated knockdown and methylene blueinduced reduction of tau in adult mice. 10, 85 Similarly, in our study, the behavioral performance of Scn1a 1/1 mice with or without tau ablation was indistinguishable. Nonetheless, some studies have cautioned against using tau reduction as a therapeutic approach. For example, acute tau knockdown during embryonic development delayed neuronal migration and cell-autonomously reduced neuronal complexity and connectivity, 86 problems that appear to be restricted to early developmental stages. In contrast to the beneficial effects of tau reduction we documented in 3 lines of hAPP transgenic mice 3, 4 and Ittner and colleagues independently demonstrated in a fourth hAPP transgenic line on a different tau knockout background, 11 tau reduction has been reported to worsen behavioral deficits in the Tg2576 line of hAPP transgenic mice. 87 Another report suggested that genetic tau ablation causes iron accumulation resulting in loss of dopaminergic neurons and severe motor deficits in aged mice. 88 However, we were unable to replicate these findings. 82 Thus, although the safety of tau-lowering treatments should clearly be further tested, most of the available experimental evidence suggests a rather attractive risk/benefit ratio and makes the identification of tau-lowering drugs an important objective. Methylene blue and antisense oligonucleotides against tau represent 2 potential tau-lowering approaches currently under study. Methylene blue can reduce tau aggregation and lower soluble tau levels in mice and in cell culture assays. 85, 89 Treatment with this compound ameliorated learning and memory deficits in tau transgenic mice. 85 However, methylene blue has diverse activities, 90 complicating the interpretation of these findings.
Antisense oligonucleotides to knock down tau expression represent an alternative approach to lowering tau levels in the brain. Intracerebroventricular infusion of such compounds in adult wild-type mice was well tolerated, lowered tau, and made mice more resistant to druginduced seizures; tau levels correlated positively with epileptic severity. 10 The further development of such compounds and related small-molecule drugs should make it possible to evaluate the beneficial effects of tau reduction in the clinical setting before long. In light of the encouraging findings obtained here and in the studies discussed above, the therapeutic potential of tau reduction deserves to be further explored in regard to intractable epilepsy as well as other conditions involving neuronal hyperexcitability and network dysrhythmias.
